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Abstract

Transforming growth factor-,61 (TGF-,81) has been implicated
in mediating smooth muscle cell (SMC) growth after vascular
injury. Studies examining TGF-fi-induced growth of cultured
SMChave identified only modest mitogenic effects which are
largely dependent on autocrine production of platelet-derived
growth factor-AA (PDGF-AA). Recent studies have suggested,
however, that TGF-#t also may have delayed growth effects
independent of PDGF-AA. The aims of the present studies
were to examine the effects of TGF-#t on chronic growth re-
sponses of cultured SMC. Results demonstrated that TGF-ft
elicited a delayed growth response (24 fold increase in 3H-TdR
incorp. from 48-72 h) and enhanced SMCproduction of
PDGF-AA(eightfold increase at 24 h). Neutralizing antibodies
to PDGF-AA, however, inhibited only 10-40% of delayed
TGF-ft-induced growth. Co-treatment with TGF-ft transiently
delayed epidermal growth factor (EGF)-, basic fibroblast
growth factor (bFGF)-, or PDGF-BB-induced entry into S
phase but enhanced the delayed growth responses to these
growth factors by 16.0-, 5.8-, or 4.2-fold, respectively. Neutral-
izing antibodies to PDGF-AAhad no effect on these synergistic
responses and exogenous PDGF-AA did not increase growth
responses to EGF, bFGF, or PDGF-BB. In summary, TGF-ft
induces marked delayed growth responses, alone and in combi-
nation with EGF, bFGFor PDGF-BB, that are largely indepen-
dent of PDGF-AA. (J. Clin. Invest. 1994.93:2048-2055.) Key
words: smooth muscle cells - transforming growth factor-a -

epidermal growth factor * basic fibroblast growth factor * plate-
let-derived growth factor

Introduction

Smooth muscle cell (SMG)1 proliferation plays a major role in
the vascular reparative response after mechanical injury. There
is evidence that a variety of factors regulate this SMCgrowth
including angiotensin-Il (1, 2), basic fibroblast growth factor
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(bFGF) (3), platelet-derived growth factor (PDGF) (4, 5), and
transforming growth factor-(il (TGF-,B1) (6). TGF-,B1 is a 25-
kD growth factor released during acute phases of injury by
degranulating platelets (7) and secreted during chronic phases
of lesion development by SMCs(6) and activated macrophages
(8). Majesky et al. (6) demonstrated that TGF-f3l mRNAlevels
were elevated within 6 h of balloon embolectomy catheter-in-
duced injury of rat carotid artery, and remained elevated for at
least 2 wk. Immunohistochemical studies of vessels 2 wk after
injury revealed that a large majority of intimal cells expressed
TGF-#3I protein in an intracellular pattern consistent with ac-
tive synthesis. Furthermore, infusion of recombinant TGF-031
into rats for 48 h, 2 wk after carotid artery injury, increased
[3H]thymidine labeling indices of intimal cells by fourfold.
These data strongly suggest that TGF-,B is present, both acutely
and chronically, and may influence growth of SMCat sites of
vascular injury.

Our understanding of the role of TGF-#3 in myointimal le-
sion formation after injury has been confounded by in vitro
observations that TGF-,B can both inhibit as well as stimulate
growth of cultured SMC. Several studies (7, 9, 10), including
one from this laboratory (11), have shown that TGF-f is a
potent inhibitor of growth factor- or serum-induced prolifera-
tion. In contrast, other investigators have found that TGF-,B
stimulated SMCproliferation. Majack et al. (12) showed that
TGF-f3 stimulated growth of postconfluent rat SMCand inhib-
ited growth of subconfluent cells. Battegay et al. (13) found that
TGF-f stimulated growth of cultured human SMCin a bi-
modal, concentration dependent manner. Both Majack et al.
and Battegay et al. found that TGF-fl stimulation of growth
was associated with increased production of PDGF-AA, mim-
icked by treatment with exogenous PDGF-AA and partially
inhibited by neutralizing antibodies to PDGF-AA. The effects
of TGF-,3 on SMCgrowth were modest in both of these studies;
maximal [3H]thymidine incorporation induced by TGF-,B was
200% of control in the studies of Majack et al. and 400% of
control in the studies of Battegay et al. Based on the results of
these studies, TGF-3 is currently thought to have modest ef-
fects on SMCproliferation which are mediated primarily
through autocrine production of PDGF-AA.

Results of recent studies have suggested that TGF-p may
also have delayed effects on SMCgrowth that are not mediated
solely by PDGF-AAproduction. For example, we found that
angiotensin-TI (Ang-II) enhanced growth responses of SMCde-
rived from spontaneously hypertensive rats (SHR) to epider-
mal growth factor (EGF), bFGF, and PDGF-BBand that these
effects were delayed and dependent on autocrine production of
TGF-f (14). The effect of Ang-TI on growth responses to
PDGF-BB are unlikely to be mediated via autocrine produc-
tion of PDGF-AA since PDGFa receptors, the only known
effectors of PDGF-AA actions, should have been fully acti-
vated by the saturating concentrations of PDGF-BB used in
these experiments. Using cultured rabbit SMC, Janat and Liau
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(15) showed that TGF-i3 alone had no effect on [3H]thymidine
incorporation. However, similar to our observations, cotreat-
ment with TGF-,B and PDGF-BB resulted in a growth effect
which was 10-fold greater than that elicited by PDGF-BB
alone. This effect was delayed, with maximal effects observed
30 h after treatment with TGF-fl + PDGF-BBas opposed to 16
h after treatment with PDGF-BB. Taken together, results of
these studies suggest that TGF-#l-induced increases in PDGF-
AA production cannot explain TGF-f3-induced growth under
all conditions, and that TGF-(3 has effects on SMCgrowth that
are distinct from those previously described.

The aims of the present studies were: (a) to examine the
effects of exogenous TGF-f3, alone as well as in combination
with EGF, bFGF, or PDGF-BB, on acute and chronic growth
responses of cultured SMC, and (b) to examine the contribu-
tion of PDGF-AAin this process by determining whether exog-
enous PDGF-AA, alone or in combination with EGF, bFGF,
or PDGF-BB, stimulated growth of SHR-derived SMC, and
whether neutralizing antibodies to PDGF-AAinhibited TGF-
#-induced growth effects.

Methods

Smooth muscle cell culture. SMCswere isolated from aorta of spontane-
ously hypertensive or Sprague-Dawley rats by enzymatic digestion as
previously described (16). The cells were cultured in medium contain-
ing a 1:1 formulation of Dulbecco's modified Eagle's Medium (DME;
GIBCO BRL, Gaithersburg, MD) and Ham's F12 medium (GIBCO
BRL) supplemented with 10% fetal bovine serum (FBS, Hyclone Labo-
ratories, Logan, UT), L-glutamine (0.68 mM; Sigma Chemical Co., St.
Louis, MO), penicillin (100 U/ml), and streptomycin (100 sg/ml).
Cells were harvested for passaging at subconfluence with a trypsin-
EDTA(0.05% trypsin, 0.02% EDTA, GIBCOBRL) solution. Cell cul-
tures were incubated at 370C in a humidified atmosphere of 5%COJ
95% air. SMCidentity and the purity of cultures was verified by immu-
nocytochemical analysis using antibodies specific for smooth muscle
a-actin (17).

SMCbetween passages 6 and 19 were plated at 3 X I03 cells/cm2 in
serum containing media. They were grown to confluence and then
growth arrested in a defined serum free medium (SFM) containing a
1:1 formulation of DMEand Ham's F12 supplemented with trans-
ferrin (5 ,ug/ml, Sigma Chemical Co.), insulin (5 x 10-7 M, Sigma
Chemical Co.), ascorbate (0.2 mM,Sigma Chemical Co.), selenium (38
nM, Sigma Chemical Co.), glutamine, and penicillin/streptomycin.
This SFMhas been shown to maintain SMCin a quiescent, non-cata-
bolic state and to promote expression of SMC-specific contractile pro-
teins (18).

Fibroblast cell culture. 3T3 Swiss albino mouse fibroblasts were
obtained from American Type Culture Collection (Rockville, MD)
and maintained in DMEsupplemented with L-glutamine, penicillin/
streptomycin, and 10%FBS. Passaging wasat subconfluence using simi-
lar methods to those described above. The cells were plated at 3 X 103
cells/cm2 and grown to subconfluence in DMEsupplemented with
L-glutamine, penicillin/streptomycin and 10% FBS. The cells were
then growth arrested for 8-24 h in DMEsupplemented with L-gluta-
mine, penicillin/streptomycin and 1%FBS. Conditioned media experi-
ments were performed as described in figure legends.

Radioreceptor assay of PDGFconcentration. This assay is essen-
tially the same as that described by DiCorleto and Bowen-Pope (19).
Briefly, subconfluent human foreskin fibroblasts were plated in 1%
human plasma-derived serum. Between 2 and 10 d later, the cells were
placed on an ice tray and washed with 0.5 ml of ice-cold binding me-
dium (Dulbecco-Vogt medium without bicarbonate containing 25
mMHepes buffer, pH 7.2, and bovine serum albumin [BSA]). The
medium was removed and aliquots of conditioned medium from TGF-

3 or vehicle-treated SMCwere added in binding medium. The cultures

were incubated at 40C with gentle mixing for 2 h. The test substance
was removed and the cells were rinsed with binding medium. 125[1
PDGF(0.2 ng) was then added and the incubation was continued for
two more hours. The media was removed and the cells washed three
times with 1 ml cold phosphate-buffered saline containing BSA. Bound
radioactivity was determined by solubilizing the cells with 1% Triton
X- 100 in water containing BSA. Nonspecific binding, measured in the
presence of at least a 100-fold excess of unlabeled crude growth factor,
was < 5%of specific binding. Standard curves were derived using wells
containing various amounts of unlabeled PDGF.

[3Hlthymidine incorporation. Relative rates of DNAsynthesis were
assessed by determination of [3H]thymidine incorporation into trichlo-
roacetic acid (TCA) precipitable material. Cells were pulsed with [3H]-
thymidine (1 gCi/ml, 6.7 Ci/mmol; New England Nuclear, Boston,
MA) and then washed with a calcium- and magnesium-free phosphate
buffered saline (PBS) (NaCl 137 mM,Na2HPO48.1 mM,KCI 2.7 mM,
KH2PO4 1.5 mM, pH 7.4). This was followed by 10-min washes with
10% TCA, first at 40C and then at room temperature. Cells were then

dissolved in 1 N NaOHand placed in Ready-Safe scintillation fluid
(Beckman Instruments, Inc., Palo Alto, CA). Counting was done with a

Wallac LKB scintillation counter.
Growth curves. Cultures were washed with PBS, harvested with

trypsin-EDTA, diluted with 0.9% NaCl (Columbia Diagnostics Inc.,
Springfield, VA) and counted using an Electrozone Celloscope (Parti-
cle Data, Inc., Elmhurst, IL) with orifice size of 95 gm and sample
volume of 500 Ml.

Reagents. TGF-13 derived from human platelets was obtained from
R&DSystems (Minneapolis, MN). Recombinant human EGF, bFGF,
PDGF-BB, and PDGF-AAwere obtained from Upstate Biotechnology
Inc. (Lake Placid, NY). PDGF-AAneutralizing antibodies (pfa4) were

a kind gift of Dr. Michael Pech (F. Hoffmann-La Roche, Basel, Swit-
zerland). Control antibodies for PDGF-AA neutralizing antibody ex-
periments were a-actin monoclonal antibodies (Sigma Chemical Co.)
PDGF-AApolyclonal neutralizing antibody was purchased from Gen-
zyme Corp.

Statistical analysis. Results are presented as mean ± standard de-
viation unless otherwise stated. One way analysis of variance followed
by the Newman-Keuls' multiple range test was used to analyze data. A
P value of less than or equal to 0.05 was considered statistically signifi-
cant. Triplicate wells were analyzed for each experiment and each ex-

periment was performed independently a minimum of three times.
Data shown are from representative experiments.

Results

TGF-3 induced a delayed increase in [3H]thymidine incorpora-
tion in cultured aortic SMC. Since TGF-# levels are increased
in vascular lesions for at least 2 wk after injury (6), the initial
aim of these studies was to determine the effects of exogenous
TGF-i3 on mitogenesis of SHR-derived SMC, maintained in a

defined serum-free medium, at acute, as well as chronic, time
points. Previous studies (14) demonstrated that TGF-,3 was not
mitogenic for SHR-derived SMCwithin the initial 24 h after
treatment. In contrast, results of the present studies demon-
strated that TGF-13 elicited a concentration dependent increase
in [3H]thymidine incorporation at both 24-48 h (2-4-fold) and
48-72 h (Fig. 1). SMCgrowth was observed at concentrations
of 10 pMand greater with an ED50 for this effect of 20-30 pM.
Maximal effects were observed at concentrations of 40 pMor

greater. The magnitude of TGF-,B-induced increases in [3H]-
thymidine incorporation (48-72 h after treatment) increased
with passage number. The response averaged threefold in cells
at passages 5-9 versus 49-fold in cells at passages 15-19 times.

TGF-pl-stimulated production of PDGF-AA by SHR-de-
rived SMC. To determine if delayed mitogenic effects of TGF-
3(I100 pM) in SHR-derived SMCwere mediated by PDGF-AA
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Figure 1. Concentration dependence of growth responses to TGF-l I.
SMCderived from SHRwere grown to confluence and growth
arrested in SFM. 4 d later the SFMwas changed and TGF-llI (various
concentrations) or vehicle added. The SMCwere pulsed with [3H]-
thymidine (2 ,uCi/ml) 48 h after treatment and [3H]thymidine incor-
poration was assayed 24 h later as described in Methods. The control
group was treated similarly but without the addition of TGF-fl1 or
vehicle.

as previously reported in SMCderived from Sprague-Dawley
rats (12) or humans (13), PDGF-AAlevels were measured in
conditioned media from TGF-fl-treated and vehicle-treated
SMCusing a radioreceptor competition assay. Results demon-
strated an eightfold increase in PDGFconcentration in condi-
tioned media (CM) 24 h after TGF-,3 as compared with vehicle
treatment (Fig. 2). PDGF-AA levels remained elevated for at
least 48 h (Fig. 2). Despite increased levels of PDGF-AAin CM
from TGF-i3-treated SMC(TGF CM), there was no increase in
mitogenic activity for SMCin TGFCMas compared with CM
from vehicle treated SMC(Cnt CM) (data not shown). Human
recombinant PDGF-AAalso stimulated only modest increases
in [3H]thymidine incorporation and required concentrations
far in excess of that in TGFCM(Fig. 3). Results indicate that
although TGF-3 stimulated production of PDGF-AA, these
cells responded weakly to either endogenous or exogenous
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Figure 2. PDGFconcentration in conditioned media from TGF-#lI
treated SMC. SMCderived from SHRwere grown to confluence and
growth arrested in SFM. 4 d later the SFMwas changed and TGF-#lI
(100 pM) or vehicle added. 24 or 48 h later, BSA (1 mg/ml) was added
and CMremoved and frozen. PDGFlevels were measured using ra-
dioreceptor competition assays as described in Methods. (m Control;
n TGF-,ll treated).
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Figure 3. Concentration dependence of growth responses to PDGF-
AA. SMCderived from SHRwere grown to confluence and growth
arrested in SFM. 4 d later the SFMwas changed and PDGF-AA
(various concentrations) or vehicle added. The SMCwere pulsed with
[3H]thymidine (2 MCi/ml) at time of treatment and [3H]thymidine
incorporation was assayed 24 h later. The control group was treated
similarly but without the addition of PDGF-AAor vehicle.

PDGF-AA. In contrast to effects on SHR-derived SMC,
PDGF-AA is a potent mitogen for 3T3 fibroblasts which ex-
press abundant PDGF-a receptors (20). TGF CMhad in-
creased mitogenic activity for 3T3 cells compared to Cnt CM
that was partially inhibited by a monoclonal antibody (desig-
nated pfa4) that has previously been shown to neutralize rat
PDGF-AA(21) (Fig. 4).

Delayed mitogenic effect stimulated by TGF-3 was partially
mediated by autocrine production of PDGF-AA. Treatment
with pfa4 antibody inhibited only 10-40% of TGF-f3-induced
mitogenesis measured 48-72 h after treatment (Fig. 5). Similar
results were obtained with a polyclonal antibody preparation
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Figure 4. Effect of PDGF-AA neutralizing antibody on mitogenic
activity in conditioned media from TGF-#l-treated SMC. SMCde-
rived from SHRwere grown to confluence and growth arrested in
SFM. 4 d later the SFMwas changed and TGF-P I (100 pM) or vehicle
added. 48 h later, CMwas harvested by adding BSA(1 mg/ml) and
removing CMfrom SMC. CMwas added to 3T3 cells which had been
grown to confluence and growth arrested for 24 h. PDGF-AAneu-
tralizing antibody (pfa4; 10 ,g/ml) or control antibody (Cnt Ab) were
added. SMCwere pulsed with [3Hjthymidine (2 IACi/ml) 8 h after
addition of CMand [3H]thymidine incorporation assayed 16 hour
later. (veh CM, conditioned media from vehicle treated SMC; TGF-(3
CM, conditioned media from TGF-Itl treated SMC;Ab, antibody).
(X) conditioned media; (i) CM+ PDGF- AA antibody; (8) CM
+ control antibody.
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Figure 5. Effect of PDGF-AA neutralizing antibody on TGF-fl-in-
duced SMCmitogenesis. SMCderived from SHRwere grown to
confluence and growth arrested in SFM. 4 d later the SFMwas
changed and TGF-flI (100 pM) or vehicle plus or minus PDGF-AA
neutralizing antibody (pfa4; 10 gg/ml) or control antibody were
added. The SMCwere pulsed with [3H]thymidine (2 ,Ci/ml) 48 h
after treatment and [3H]thymidine incorporation assayed 24 h later.

raised in goats which has been shown to neutralize rat PDGF-
AA (22) (data not shown). To ensure that sufficient neutraliz-
ing antibody was present throughout the experiment, the pfa4
antibody was used at concentrations 33 fold greater than the
IC50 which blocked binding of PDGF-AA (2 ng/ml) to NIH
3T3 cells (22a). Additionally, control studies revealed that: (a)
daily addition of neutralizing antibody had similar effects on
TGF-f3-induced mitogenesis as did one time addition (data not
shown), and (b) sufficient antibody was present in CMat 48 h
to neutralize 1 ng/ml of rat PDGF-AA (obtained from SMC
CM) or 5 ng/ml of human recombinant PDGF-AA (based on
assays of mitogenic activity for 3T3 cells). Taken together,
these studies demonstrate that TGF-f3 enhanced SHR-derived
SMCproduction of PDGF-AA but that this effect was only
partially responsible for delayed growth effects stimulated by
TGF-j3.

TGF-/t delayed EGF-, bFGF-, or PDGF-BB-induced entry
into S phase in confluent, growth-arrested SMC. Saltis et al.
(23) have previously shown that low concentrations of TGF-,3
(40 pM) modestly enhanced growth responses of SHR-derived
SMCto EGF, bFGF, PDGF-AB, or PDGF-BBwithin the ini-
tial 48 h of treatment. The aim of the present studies was to
determine the effects of higher concentrations of TGF-# (100
pM) on growth responses to EGF, bFGF, or PDGF-BB, at both
acute and delayed time points. Results demonstrated that
TGF-13 (100 pM) inhibited EGF-, bFGF-, or PDGF-BB-in-
duced [3H]thymidine incorporation by 71, 61, and 77%, respec-
tively when measured between 15 and 16 h after treatment
(Fig. 6). This effect was transient, however, in that TGF-,3 had
no effect on EGF-, bFGF-, or PDGF-BB-induced [3H]-
thymidine incorporation measured at 23-24 h (Fig. 6) or 0-24
h (Fig. 7). Taken together, these data show that TGF-,# (100
pM) delayed EGF-, bFGF-, or PDGF-BB-induced entry into S
phase but did not have an overall inhibitory effect on growth
responses of SMCduring the initial 24 h after treatment.

TGF-f3 induced a delayed, synergistic increase in growth
responses of SMCto EGF, bFGF, or PDGF-BB. Subsequent
studies examined the effects of TGF-# on growth responses to
EGF, bFGF, or PDGF-BBat later time points. Results demon-
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Figure 6. Effects of TGF-#I on acute growth responses of SMCto
EGF, bFGF, or PDGF-BB. SMCderived from SHRwere grown to
confluence and growth arrested in SFM. 4 d later the SFMwas
changed and TGF-fll (100 pM) or vehicle plus or minus EGF(1.7
nM), bFGF (1.25 nM) or PDGF-BB(0.7 nM) added. The SMCwere
pulsed with [3H]thymidine (2 MCi/ml) at either 15 or 23 h after treat-
ment and [3H]thymidine incorporation assayed 1 hour later. The
control group was treated similarly but without the addition of growth
factors.

strated that co-treatment with TGF-j (100 pM) markedly in-
creased EGF-, bFGF-, or PDGF-BB-induced growth responses
measured from 48 to 72 h after treatment (Fig. 7). For example,
TGF-(3 increased the growth responses to EGF, bFGF, or
PDGF-BBby 16.0-, 5.8-, or 4.2-fold, respectively, as compared
with treatment with EGF, bFGF, or PDGF-BB, alone. TGF-f3-
induced increases in [3H]thymidine incorporation were accom-
panied by corresponding increases in cell number (Fig. 8).
Treatment with TGF-f3, EGF, bFGF, or PDGF-BB alone re-
sulted in 28, 50, 36, or 89% increases in cell number, respec-
tively, 7 d after a single treatment. Co-treatment with TGF-f3
and EGF, bFGF, or PDGF-BB increased cell number by 212,
1 17, or 188%, respectively, compared with controls. Consistent
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Figure 7. Delayed effects of TGF-#3I on SMCgrowth responses to
EGF, bFGF or PDGF-BB. SMCderived from SHRwere grown to
confluence and growth arrested in SFM. 4 d later the SFMwas
changed and TGF-,B1 (100 pM) or vehicle plus or minus EGF(1.7
nM), bFGF (1.25 nM) or PDGF-BB(0.7 nM) added. The SMCwere
pulsed with [3H]thymidine (2 ,Ci/ml) at either 0 or 48 h after treat-
ment and [3H]thymidine incorporation assayed 24 h later. The con-
trol group was treated similarly but without the addition of growth
factors.
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trypsinized and cell counts done at 3, 5, or 7 d. The control group

was treated similarly but without the addition of growth factors.

with [3H]thymidine incorporation data, the largest increase in
cell number occurred between three and five days after treat-
ment.

TGF-,3 induced increases in growth responses to EGF,
bFGF, or PDGF-BB were concentration dependent with ef-
fects dependent on TGF-13 concentrations greater than 10 pM
(Fig. 9). Daily addition of TGF-f (100 pM) did not alter growth

responses to TGF-fi or TGF-j3 + EGF, as opposed to one time
addition, suggesting that delayed growth responses to TGF-13
were not dependent on changing TGF-,3 concentrations (data
not shown).

TGF-f$-induced increases in growth responses to EGF,
bFGF, or PDGF-BB were not mediated by autocrine produc-
tion of PDGF-AA. To determine whether autocrine production
of PDGF-AAwas required for the synergistic growth responses
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nM) added. The SMCwere pulsed with [3H]thymidine (2 gCi/ml) 48
h after treatment and [3H]thymidine incorporation was assayed 24
h later as described in Methods. The control group was treated simi-
larly but without the addition of growth factors.
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Figure 10. Effects of neutralizing antibody to PDGF-AAon TGF-#31
synergism with EGF, bFGFor PDGF-BB. SMCderived from SHR
were grown to confluence and growth arrested in SFM. 4 d later the
SFMwas changed and TGF-,Bl (100 pM) or vehicle plus or minus
EGF(1.7 nM), bFGF (1.25 nM), or PDGF-BB (0.7 nM) added.
PDGF-AAneutralizing antibody (pfa4; 10 gg/ml) or control antibody
were added to the indicated groups. The SMCwere pulsed with [3H]-
thymidine (2 GCi/ml) 48 h after treatment and [3H]thymidine incor-
poration assayed 24 h later. The control group was treated similarly
but without the addition of growth factors.

seen with TGF-,3 + EGF, TGF-,3 + bFGF, or TGF-(3 + PDGF-
BB, the effects of PDGF-AA neutralizing antibodies on these
growth responses were examined. Results demonstrated that
neutralizing antibodies to PDGF-AAdid not inhibit synergistic
growth responses to TGF-lB + EGF, TGF-,3 + bFGF, or TGF-(3
+ PDGF-BB(Fig. 10). Conditioned media from TGF-,3 treated
SMCdid not increase growth responses to EGF (data not
shown) and treatment with exogenous PDGF-AAdid not en-

hance growth responses to EGF, bFGFor PDGF-BB(Fig. 1 1).
TGF-f3-enhanced growth responses to EGF in SMCpri-

mary lines which are unresponsive to exogenous PDGF-AA. We
have identified a number of SMCprimary lines derived from
Sprague-Dawley rats that do not express PDGFa receptors and
in which PDGF-AA elicits no measurable growth response

(22). These cells were used to further investigate whether TGF-
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Figure 11. Effects of PDGF-AAon growth responses of SMCto EGF,
bFGF or PDGF-BB. SMCderived from SHRwere grown to con-

fluence and growth arrested in SFM. 4 d later the SFMwas changed
and PDGF-AA (0.7 nM) or vehicle plus or minus EGF(1.7 nM),
bFGF (1.25 nM), or PDGF-BB (0.7 nM) added. The SMCwere

pulsed with [3H]thymidine (2 ,Ci/ml) 20 h after treatment and [3HJ-
thymidine incorporation was assayed 20 h later. The control group
was treated similarly but without the addition of growth factors.
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Figure 12. Delayed effects of TGF-3l on SMCgrowth responses to
EGFin a SMCline which was unresponsive to PDGF-AA. SMCde-
rived from Sprague-Dawley rats were grown to confluence and growth
arrested in SFM. 4 d later the SFMwas changed and TGF-fl1 (100
pM) or vehicle plus or minus EGF(1.7 nM) added. The SMCwere
pulsed with [3H]thymidine (2 gCi/ml) 48 h after treatment and [3H1-
thymidine incorporation assayed 24 h later. The control group was
treated similarly but without the addition of growth factors.

# enhanced growth was dependent on PDGF-AA. Results dem-
onstrated that exogenous PDGF-AA had no effect on [3H]-
thymidine incorporation from 0 to 72 h after treatment in these
cells (data not shown). In contrast, TGF-f3 or EGFstimulated
two- or sevenfold increases in [3H]thymidine incorporation re-
spectively, between 48 and 72 h and co-treatment with TGF-0
and EGFstimulated a 24-fold increase in [3H]thymidine incor-
poration (Fig. 12) as well as a significant increase in cell num-
ber (data not shown).

Discussion

TGF-# is a multifunctional growth factor which is present,
both acutely and chronically, at sites of vascular injury. Effects
of endogenous TGF-# on SMCin injured vessels are unknown,
although infusion of TGF-13 2 wk after vascular injury has been
shown to promote SMCmitogenesis (6). Studies to date have
shown that TGF-(3 stimulates modest increases in [3H]-
thymidine incorporation of cultured SMCwhich is largely de-
pendent on autocrine production of PDGF-AA (12, 13). Re-
sults of the present studies extend these earlier findings by dem-
onstrating that higher concentrations of TGF-(3 also have
pronounced, delayed effects on SMCgrowth. TGF-(3 (100
pM)-induced an average 24- (range 3-49) fold increase in
[3H]thymidine incorporation when measured 48-72 h after
treatment. This effect on SMCgrowth is much larger than ob-
served in prior studies (12, 13). Additionally, TGF-(3 stimu-
lated a marked delayed growth response to EGF, bFGF, or
PDGF-BBin SHR-derived SMCand to EGFin Sprague-Daw-
ley-derived SMC. These data are consistent with earlier studies
demonstrating that TGF-# enhanced growth responses to EGF
in bovine SMC(7), to bFGF or PDGFin rat SMC(12) and to
PDGF-BB in rabbit SMC (15). Similarly, in SHR-derived
SMC, Saltis et al. (23) showed that, while TGF-# (40 pM) alone
did not stimulate an increase in cell number, treatment with
TGF-# increased the proliferative response to EGFor bFGFby
- 160% and the proliferative response to PDGF-ABor PDGF-
BB by - 60%. The concentrations of TGF-# used in those

studies was less, and the onset of action earlier, than in the
present studies. Taken together, these studies suggest that
TGF-f effects on growth of cultured rat SMCare concentra-
tion dependent with a relatively modest effect seen within 48 h
of TGF-# treatment and a larger effect seen within 72 h of
treatment at TGF-(3 concentrations of 100 pMor greater.

Results of the present studies demonstrate that TGF-,3 pro-
motes SMC growth via both PDGF-AA-dependent and
PDGF-AA-independent mechanisms. Consistent with earlier
studies in rat (12) or human SMC(13), we found that TGF-/3
increased production of PDGF-AAin SHR-derived SMC, that
exogenous PDGF-AA was mitogenic for these cells and that
neutralizing antibodies to PDGF-AApartially inhibited TGF-
,B-induced growth. Novel findings of the present studies were
that TGF-(3 had delayed growth promoting activity, both alone
and in combination with EGF, bFGF, or PDGF-BBand that
autocrine production of PDGF-AAplayed a minor role in me-
diating these effects. Evidence supporting the latter conclusion
includes: (a) neutralizing antibodies (either monoclonal or
polyclonal) to PDGF-AAinhibited, at most, only 40%of TGF-
,3-induced growth and had no effect on TGF-j enhanced
growth responses to EGF, bFGF, or PDGF-BB measured be-
tween 48 and 72 h; (b) exogenous PDGF-AAstimulated only a
modest increase in [3H]thymidine incorporation and did not
enhance growth responses to EGF, bFGF or PDGF-BB; (c)
conditioned media from TGF-f3-treated SMCdid not have
increased mitogenic activity for cultured SMC, alone or in com-
bination with EGF, bFGF, or PDGF-BB, when compared with
conditioned media from vehicle treated SMC; and (d) TGF-f
enhanced growth responses to EGFin a primary SMCculture
line which did not respond mitogenically to PDGF-AA.

There are several potential mechanisms by which TGF-#
may stimulate SMCgrowth independent of PDGF-AAproduc-
tion. One possibility is that TGF-(3 may stimulate SMCproduc-
tion of secondary factors, in addition to PDGF-AA, which have
growth promoting activity. Results demonstrated that there
was increased mitogenic activity for 3T3, but not SMC, in TGF
CMcompared with Cnt CMwhich was only partially inhibited
by neutralizing antibodies to PDGF-AA. This suggests that if
secondary factors are produced which mediate TGF-(3 effects
on SMC, they were not transferrable in conditioned media. A
second possibility is that TGF-( may increase SMCgrowth
factor receptor expression. Janat and Liau (15) showed that
TGF-# increased PDGF(-receptor mRNAin rabbit SMC, con-
current with TGF-,B enhancement of growth responses to
PDGF-BB. However, to explain the current results by this
mechanism would require TGF-,B treatment to simultaneously
increase expression of EGF, bFGF, and PDGFreceptors. Addi-
tionally, co-treatment with TGF-f (100 pM) has delayed, syn-
ergistic effects on a-thrombin- or Ang-TI-induced growth
(23a) implying that TGF-,B would also have to increase expres-
sion of a-thrombin and Ang-II receptors. A third possibility is
that TGF-,B enhancement of protooncogene expression may
explain TGF-f3 actions. Recent studies (15) have shown that
co-treatment with TGF-,B and EGFhas a synergistic effect on
c-myc expression. These effects have, however, been observed
within 8 h of treatment and there is no evidence to suggest that
a similar effect occurs at delayed time points.

Alternative explanations for the synergistic growth re-
sponses observed with TGF-# and EGF, bFGF, or PDGF-BB
are that TGF-,B exerts generalized intracellular or extracellular
effects which enhance SMC growth responses to multiple
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growth factors. TGF-,3 has been shown to increase SMCpro-
duction of extracellular matrix and this may account for the
delayed growth promoting activity through alterations in cell-
matrix interactions. In particular, TGF-,3 has been shown to
increase expression of fibronectin, collagen, and elastic fiber
proteins. Ignotz and Massague (24) demonstrated that TGF-f3-
induced anchorage-independent growth and enhanced expres-
sion of fibronectin in cultured chick embryo fibroblasts. Fur-
thermore, inhibitors of fibronectin binding blocked, and
exogenous fibronectin mimicked, TGF-# induction of anchor-
age-independent growth. In SMC, Majack et al. (12) and Janat
and Liau (15) demonstrated that TGF-# enhanced SMCex-
pression of thrombospondin. Majack et al. (12) also showed
that co-treatment with thrombospondin and EGFresulted in a
synergistic proliferative response. TGF-f3 has been shown to
enhance SMCexpression of as and f3 classes of integrin (25,
26), but these effects have not been directly linked to SMC
growth. TGF-3 has also been shown to regulate levels of extra-
cellular matrix degradation by reducing the synthesis of en-
zymes involved in matrix proteolysis and increasing levels of
proteolytic inhibitors (e.g., plasminogen activator inhibitor-l) (27).

Results of the present studies add to the growing evidence
that TGF-f3 stimulates SMCgrowth in vitro (12, 13), as well as
in vivo (6). There is, however, extensive evidence that TGF-fl
can also inhibit growth of cultured SMC(7, 9, 10). The mecha-
nisms responsible for the bifunctional growth effects of TGF-13
on SMCare not known. However, results of recent studies
suggest that the multiplicity of TGF-,3 functions may be due to
differential expression of TGF-3 receptors (28, 29, 30). Chen et
al. (30) demonstrated that overexpression of a truncated type II
receptor mutant acted in a dominant negative fashion in mink
lung epithelial (MLE) cells resulting in complete loss of type II
receptor binding and TGF-f3-induced growth inhibition. In
contrast, there was no change in type I binding or in TGF-fl-
induced increases in fibronectin, plasminogen activator inhibi-
tor 1 or jun B mRNAexpression. Massague and coworkers
(29), using mutant MLEcells, have shown that type I receptors
are necessary for TGF-f3-induced growth inhibition. Taken to-
gether, these studies suggest that both type I and type II recep-
tors are required to mediate the growth inhibitory effect of
TGF-13 in MLEcells, whereas type I receptors alone can medi-
ate other effects of TGF-,3 including matrix production. In
SMC, Goodman and Majack (31) demonstrated that con-
fluent, growth arrested SMCexpressed lower levels of 65 kD
(now referred to as type I receptors), and higher levels of 280
kD (type III receptors) binding proteins relative to proliferat-
ing, subconfluent SMC. Levels of 85-kD (type II receptors)
binding protein expression were similar in both groups. TGF-,B
inhibited growth of rat SMCat subconfluent densities but po-
tentiated growth of SMCat confluent densities suggesting that
these effects were mediated by differential TGF-f3-binding pro-
tein expression. Taken together, these studies suggest that
TGF-,B receptor expression could play a role in determining
growth responses of cultured cells to TGF-3 and that this will
be an important area of research for further understanding of
TGF-# effects on SMCgrowth.

In the present studies, TGF-,B delayed EGF-, bFGF-, or
PDGF-BB-induced entry of SHR-derived SMCinto S phase.
Co-treatment with TGF-,B markedly inhibited EGF-, bFGF-,
or PDGF-BB-induced [3H]thymidine incorporation when
measured 15-16 h after treatment. This effect was transient,
however, and TGF-,3 had no effect on EGF-, bFGF-, or PDGF-

BB-induced growth over the initial 24 h of treatment. Revers-
ible growth inhibitory effects of TGF-j3 have been seen in SMC,
epithelial, endothelial and fibroblast cultures. These effects
have been shown to be due to TGF-1 interference with the
ability of cells to traverse a stage in late G. phase. Using bovine
or human SMC, Reddy and Haure (32) found that TGF-fl inhi-
bition of serum stimulated growth resulted from reversible
arrest at a point in the cell cycle located 1-2 h from S phase. A
more prolonged growth inhibitory activity of TGF-# has also
been observed in serum stimulated SMC(1 1). Potential insight
into cellular events associated with TGF-f3-induced growth
arrest was provided by recent studies by Koff et al. (33) They
showed that TGF-(i treated MLEcells failed to stably assemble
cyclin E-Cdk2 complexes or accumulate cyclin E-associated
kinase activity.

In summary, these studies provide further data regarding
the effects of TGF-,3 on SMCgrowth. TGF-3 (100 pM) elicited
marked, delayed growth responses, both alone and in combina-
tion with EGF, bFGF or PDGF-BB. TGF-fl enhanced SHR-
derived SMCproduction of PDGF-AA which partially me-
diated TGF-(3-induced growth. However, TGF-(3 markedly en-
hanced growth responses to EGF, bFGF, or PDGF-BBthrough
mechanisms that were largely independent of PDGF-AA. Fur-
ther studies will be required to identify the mechanisms
whereby prolonged treatment with TGF-,3 enhances SMC
growth resposiveness in cultured SMCand to determine
whether similar effects occur in vivo.
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